A study of semi-inclusive deep inelastic scattering off transversely polarized 3 He is presented.
I. INTRODUCTION
sizable for the proton, it becomes negligible for the deuteron, so that apparently the neutron contribution cancels the proton one, showing a strong flavor dependence of the mechanism.
Very recently, it has been argued that these results can be interpreted as an evidence of a negligible gluon contribution to the OAM of the partons in the proton [10] . In the same paper, it is also stressed that a transversely polarized 3 He target, due to its peculiar spin structure [11, 12] , could be used to obtain relevant information on SSAs of the free neutron, to better understand the present experimental scenario.
With the aim at measuring the neutron transversity and the neutron SSAs, two experiments of SIDIS off transversely polarized 3 He targets have been approved at JLab, with scientific rate "A" , for the detection of π − (experiment E-06-010 [13] ) and π + (experiment E-06-011 [14] ) in coincidence with the scattered electron, in the valence quark region (0.19 ≤ x ≤ 0.41), for moderate values of Q 2 (1.77 GeV 2 ≤ Q 2 ≤ 2.73 GeV 2 ). It has been planned to detect the leading fragmentation pion which carries z ≃ 0.5 of the energy transfer, to favor current fragmentation.
In this theoretical and experimental scenario, it becomes urgent to confirm the possibility to use a transversely polarized 3 He target to extract the information for the free neutron. In the present paper, this issue is thoroughly investigated. A calculation of SSAs for SIDIS off transversely polarized 3 He, described in an impulse approximation (IA) framework, by means of wave functions obtained using a modern nucleon-nucleon potential, will be illustrated. In the calculation, the treatment of the nuclear structure is realistic, while the nucleon part relies on model estimates, being some ingredients of the calculation experimentally unknown.
As a consequence, the main goal of the paper is not that of producing realistic predictions but that of establishing to what extent a transversely polarized 3 He nucleus behaves as an effective transversely polarized free neutron.
The paper is structured as follows. In the second section, the main quantities of interest will be introduced. In the following one, the IA expressions for the Collins and Sivers contributions to the nuclear SSA will be derived and the calculation will be set-up, in the kinematics of the JLab experiment. The ingredients to be used will be presented in the fourth section, together with the numerical results and their discussion. Eventually, conclusions will be drawn in the last section.
II. SIDIS AND SINGLE SPIN ASYMMETRIES
The quantities to be measured are the Collins, A Transversely polarized target and it is assumed that the produced hadron is spinless, or that its polarization is not detected) [7] :
where the angles are defined according to the "Trento convention" [15] , see Fig. 1 . The cross sections are differential in x, y, z, φ S , h ⊥ , where, as usual, one has:
where P , q, h are the target momentum, the momentum transfer and the momentum of the produced hadron, respectively. A clarification concerning the notation in SIDIS is in order. In general, a quantity which is transverse in a frame where P and h have no transverse components (thus P T = h T = 0), is indicated with a subscript T , so that T means transverse with respect to h, while those with a subscript ⊥ are defined in a frame where q and P have no transverse components (standard DIS frame), so that ⊥ means transverse with respect to q (thus q ⊥ = P ⊥ = 0) [5] .
Other relevant variables for the description of this process are k T , the transverse momentum of the struck quark before the interaction, and κ T , the transverse momentum of the struck quark after the interaction. It is found that
The Collins and Sivers asymmetries, according to the Trento convention [15] , are defined in terms of the experimental cross sections:
The cross sections themselves can be written in terms of k T -dependent distribution and fragmentation functions [5] , so that also the Collins and Sivers asymmetries, Eqs. (5) and (6) , can be written through the same functions. In particular, A Collins U T is found to be:
where S T is the transverse spin of the target hadron,ĥ ⊥ = h ⊥ /|h ⊥ |, M h is the mass of the produced hadron and two k T -dependent distributions, the unpolarized one, f
and the transversity distribution, h q 1 (x, k T 2 ), appear. The other two ingredients of Eq. (7) are the k T -dependent unpolarized fragmentation function for the production of a scalar
2 ), and the quantity H ⊥q,h 1 (z, (zκ T ) 2 ), the so-called Collins fragmentation function, a T-odd quantity describing the number density of scalar hadrons originating from the fragmentation of a transversely polarized quark [3] .
In the same way, A Sivers U T is found to be:
where M is the target mass and, with respect to the previous asymmetry, Eq. (7), there is
. The latter is a T-odd quantity, the so called Sivers distribution function, describing the number density of unpolarized quarks in a transversely polarized target [4] .
Often, an x − z factorized structure is assumed for Eqs. for the azimuthal asymmetries [6, 7] . Due to the peculiar kinematical conditions of the JLab experiments [13, 14] , where |h ⊥ | is varying in a narrow range, such a procedure will not be applied here. The general expressions, Eqs. (7) and (8) An Impulse Approximation (IA) approach to perform the first calculation of the Collins and Sivers Asymmetries of 3 He will be now described. The idea is that in the SIDIS process a single nucleon is interacting with the hard probe and there are no further interactions with the recoiling nuclear system, neither of the jet originating from the interacting nucleon, nor of the emitted hadron. The other crucial assumption of IA is that the internal structure of the bound nucleon is not different from that of the free one, the nuclear dynamics determining only its momentum and its binding energy distributions.
Now it will be shown that, in this framework, the Collins and Sivers Asymmetries of 3 He, for the production of a hadron h, in the kinematics of the JLab experiments, are given by the following convolution expressions:
and
where:
Now the quantities appearing in the above equations will be described. First of all, the
represents the light-cone plus-momentum component of the nucleon N, with momentum p, to which the struck quark belongs, divided by the nucleon mass,
The functions G 3,N ⊥ (α) and F 3,N (α) are the transverse spin-dependent and the spinindependent light-cone momentum distributions of the nucleon N in 3 He, respectively, defined as
Both these quantities depend on the nuclear structure, being the functions
defined in terms of the components of the spin-dependent spectral function of the nucleon N in the 3 He nucleus, firstly defined in [16] :
where |ψ JMx is the ground state of the target nucleus polarized along the x axis, |ψ
an eigenstate of the (A − 1) nucleon system interacting with the same two-body potential of the target nucleus, and | p, σ x N the plane wave state for the nucleon N with the spin projection along the x-axis equal to σ x . From Eqs. (14)- (16) it is clear that, in the extreme non-relativistic (NR) limit, i.e. with nucleons at rest, α = 1 and no nuclear effects are found.
The size of the leading nuclear effects discussed here is of the order | p|/M.
One should notice that, in this framework, the probability to find a transversely polarized nucleon in a transversely polarized nucleus is the same of that of finding a longitudinally polarized nucleon in a longitudinally polarized nucleus, since the only possible treatment of the nuclear system is NR. It turns out therefore that the transverse and longitudinal spin dependent light-cone momentum distributions are equal and that the results obtained for the latter can be used also for the first quantity, the one of interest here. In other words, the overlaps N p, σ x ; ψ f (A−1) |ψ JMx and N p, σ z ; ψ f (A−1) |ψ JMz turn out to be equal in a NR framework (for the identity of the helicity and transversity distributions in a NR framework see, e.g., Ref [17, 18] ).
The main lines of the formal derivation of Eqs. (9) and (10) will be now discussed. It is a generalization of the standard procedure for obtaining the nuclear parton distributions of 3 He in DIS. In particular, the derivation of the expression in the numerator of Eq. (9) and (10) generalizes the one of the 3 He helicity distribution, to be found in [12, 19, 20] , while that of the denominator generalizes the I.A. derivation of the 3 He unpolarized parton distribution, which can be found, e.g., in Ref. [21] . With respect to the cited papers, the difference here is the presence of the fragmentation functions and of the k T -dependence in the distribution functions in the SIDIS cross-sections. Let us start from the general expressions Eqs. (7) and (8) . In order to evaluate them for a generic target A, one has to estimate therefore three k T -dependent parton distributions,f
, and two
. Let us discuss how to obtain the nuclear effects in I.A. for one of the k T -dependent parton distributions and one of the k T -dependent fragmentation functions.
As an example, let us consider the parton distribution f q,A 1 , whose definition reads (see, e.g., [1] ):
where the light-cone target states |P are normalized according to
By substituting in Eq. (20) the standard expansion of the quark field Ψ, writing for simplicity the quark degrees of freedom only, one gets:
whereÔ is the quark operator:
and the creation and annihilation operators, b † (k) and b(k), obey the commutation relation
Let us think now to a nuclear target with A nucleons. Following a standard procedure, in the above equation two complete sets of states, corresponding to the interacting nucleon in an IA scenario and to the recoiling nuclear system, are properly inserted to the left and right-hand sides of the quark operator:
Since later the nuclear matrix elements have to be evaluated by means of NR wave functions, the inserted states are normalized in a NR manner:
so that one has |P = √ 2P 0 | P (cf. Eq. (21) ) [22] . Due to this normalization and since, using IA and translational invariance,
Eq. (25) can be rewritten:
In the nuclear rest frame (RF), where M A = P 0 = √ 2P + , introducing the Bjorken variable
x, and using the definition of α, Eq. (14), one of the δ functions in the above equation can be written: 
Eq. (30) gives the k T -dependent nuclear parton distribution in a convolution-like form, in terms of the nuclear spectral function and of the k T -dependent parton distribution for the internal, moving nucleon N. Similar expressions can be obtained for the other two nuclear
, appearing in Eqs. (7) and (8) .
Concerning the nuclear effects on the fragmentation functions, let us consider the standard
Since the hadron h is produced by the fragmentation of a quark belonging to a nucleon with four-momentum p in the nuclear medium, in an IA scenario, where the nucleon structure is not modified by the nuclear
is given by the corresponding quantity for the nucleon, with z = p·h p·q , i.e.:
A similar expression can be obtained for the other nuclear k T -dependent fragmentation function, H ⊥q,A,h 1 , appearing in Eq. (7).
Due to the general structure of Eqs. (30) and (31), it is therefore possible to write the final formulae for the Sivers and Collins contributions to the single spin asymmetry of 3 He, in I.A., in the nuclear R.F.:
with:
I note in passing that the term Nevertheless, in the kinematics of the JLab experiments E-06-010 and E-06-011, everything becomes simpler. As a matter of facts, the chosen kinematics helps in two different ways.
First of all, to favor pions from current fragmentation, the variable z has been chosen to be around the value of 0.5, which means that, in the kinematics of the proposed experiment, only ultra-relativistic pions with an energy E h ≃ p h ≃ 2.4 GeV are detected. Secondly, the pions are detected in a narrow cone around the direction of the momentum transfer q. The maximum value of θ hq , the angle between the directions of the virtual photon and of the emitted pion is around 12 o [13]. Therefore, also the angle between p and q, θ pq , and the one between p and h, θ ph , are very similar. This makes possible to observe that, in DIS kinematics (ν ≃ | q|):
the last identity holding due to the little difference between θ pq and θ ph . As a matter of facts, the leading nuclear effects discussed here, affecting the nuclear parton distributions, are of the order O p p 0
, and therefore the p-dependence in the argument of the fragmentation functions, given by p/p 0 multiplied by a vanishing coefficient, yields subleading effects which can be disregarded.
Eventually, inserting Eq. (37) in the Eqs (34) - (36), Eqs. (32) and (33) reduce to Eqs.
(9) and (10), which are therefore the expressions to be evaluated in the kinematics of the JLab experiments.
Applying the proposed formalism, the SSAs for 3 He can be estimated by calculating Eqs. Now the main issue of extracting the neutron information from the nuclear asymmetries will be addressed. To this aim, in [13, 14] , it has been proposed to use a method, the one suggested and justified, for the first time for DIS processes, in [12] . In that paper, it was shown that in polarized DIS nuclear effects described by IA, i.e., Fermi motion and binding effects, are safely taken care of by considering the nucleons with an effective polarization, safely predictable with realistic nuclear wave functions [11] . In the present case, the idea leads to approximate the experimental asymmetry for 3 He, A exp 3 , by the following expression:
where f p(n) is the proton (neutron) "dilution factor", the index i means Collins or Sivers,
is the proton (neutron) asymmetry and the effective nucleon polarizations are:
as obtained by averaging many few-body calculations, available at the time of publication of Ref. [11] [36]. One should notice that, were polarized 3 He a perfect effective neutron target with all the nucleons in S wave, one would find p n = 1 and p p = 0.
Eventually, the dilution factors are:
While the approximation Eq. (38), theoretically proposed and justified in [12] , has been widely used in the treatment of DIS data, the possibility of using it also in SIDIS deserves a careful analysis, which will be performed in the next section. Since now it is worth to stress that, if Eq. (38) were a good approximation of reality, it would be possible to use it to extract the neutron Asymmetry according to the following formula, suggested in [12] : , if nuclear effects were safely taken care of by Eq. (38), one should be able to extract, according to Eq. (42), the neutron asymmetry used as an input for the calculation. In the same way, the neutron information would be obtained safely from nuclear and proton data using Eq. (42), if the main nuclear structure effects were properly described by Eq. (38)
IV. RESULTS AND DISCUSSION
As stated in the previous section, in order to calculate the SSAs of 3 He, Eqs. (9) and (10), one nuclear structure ingredient, the polarized spectral function, Eq. (19), providing the light-cone momentum distributions G In the following, the quantities used in the calculation are presented and discussed.
Concerning the nuclear part, the spin-dependent polarized spectral function, Eq. (19), corresponding to the Argonne V18 interaction (AV18, [26] ), has been evaluated. This has been done along the line of Ref. [25] , using the overlaps calculated in [27] by means of a wave function obtained by the method of Ref. [28] . The procedure gives, for the proton and the neutron in 3 He, the effective polarizations p p = −0.024 and p n = 0.878, respectively, in agreement with the analysis of Ref. [11] , Eqs. (39) and (40), and only slightly different from the predictions of the AV14 interaction (p p = −0.026, p n = 0.873 [25] ), as expected.
Concerning the nucleon, to perform the calculation, the following five ingredients have been used:
, use has been made of the usual Gaussian factorization:
with [31] :
where < k T 2 >= 0.25 GeV 2 , and for the standard parton distribution f q,N 1 (x) use has been made of the parameterization of Ref. [29] ; 2. for the transversity distribution, h q,N 1 , still experimentally poorly known, use has been made of the same Gaussian factorization above, with the ansatz h q 1 (x) = g q 1 (x), i.e., the transversity distribution has been taken to be equal to the standard helicity distribution. This gives certainly the correct order of magnitude. In particular, the parameterization of Ref. [30] has been used; 
where < p T 2 >= 0.2 GeV 2 , and using for the standard fragmentation function D q 1 (z) the parameterization in Ref. [32] . For evaluating the Collins Asymmetry, use has been made of the model calculation of D q,h
2 ) discussed in Ref. [33] , in particular, the one performed considering pseudoscalar pion-quark coupling, Eq. (6) 9), use has been made of the model calculation of Ref. [33] , in particular, of the contribution arising from pion loops, considering pseudoscalar pion-quark coupling,
Eqs. (8) - (12) of that paper.
To fix the ideas, results will be shown for the production of π − , although everything can be immediately extended to π + production.
The results for the SSAs of 3 He are not very illuminating by themselves, being the calculation strongly dependent on the models used as an input for the nucleon transverse spin structure, i.e. on the models chosen for the basically unknown h 1 distribution, Sivers distribution and Collins fragmentation function. In presenting the results, it is better therefore to emphasize the relevance of nuclear effects in the extraction of the neutron information.
A convenient scheme to illustrate them is the following. One could assume that the full calculation, i.e. the evaluation of Eqs. (9) and (10) 
where A (39) and (40) from Ref. [11] , not the ones obtained by the AV18 interaction used in the full calculation, have been chosen. This is done to take into account the possible error due to the choice of the nucleon-nucleon potential.
In proposed experiments only the region 0.13 < x B < 0.41 will be actually explored.
In Fig. 3 in principle the effects of FSI cannot be ignored. One should notice anyway that, in the planned experiments, the energy of the emitted pions is high, being 0.46 < z < 0.59, chosen
to give E π ≃ 2.4 GeV. The latter observation should make rather safe the use of IA results for the analysys of the JLab experiments. Moreover, in the numerator of the asymmetry, Eq. (1), the effects of any spin-independent interaction should cancel out, in particular for a spinless hadron as the pion. In any case, the analysis of FSI for this complicated process deserves a dedicated analysis. This work is in progress, together with the inclusion in the scheme of other more realistic models of the nucleon structure, able to predict reasonable figures for the experiments.
V. CONCLUSIONS
The recent measurement of the single spin asymmetry for the proton and the deuteron exhibited the importance of safely accessing the same quantity for the neutron. As for any polarized neutron observable, 3 He, due to its peculiar spin structure, is the natural target. Two experiments, aimed at measuring azimuthal asymmetries in the production of π ± from transversely polarized 3 He, have been approved at JLab. It is planned to obtain the neutron information from 3 He data, using a procedure that performs well in the inclusive DIS case, being able to take care of several crucial aspects of nuclear dynamics, such as the spin structure of 3 He and the momentum and energy distributions of bound nucleons.
Here, the problem whether or not that procedure can be extended to the present SIDIS scenario, involving therefore fragmentation functions and not only parton distributions, has been thoroughly analyzed, in impulse approximation. The general formulae including the nuclear structure effects are derived, and evaluated in the specific JLab kinematics, using the AV18 interaction to describe the nuclear structure and parameterizations of data or suitable model calculations to describe the nucleon part. The initial transverse momentum of the struck quark has been properly included in the calculation. It is found that, in the 
